Scutellarin (SCU), a flavonoid glycoside compound, has been successfully used in clinic for treatment of ischemic diseases in China. In this report, we checked the effects of SCU on endothelium dysfunction (ED) of coronary artery (CA) against myocardial ischemia reperfusion (MIR) injury in vivo. The involvement of PKG-Iα was further studied using cultured endothelial cells subjected to hypoxia reoxygenation (HR) injury in vitro. In rat MIR model, SCU (45 and 90 mg/kg, iv) significantly reduced ischemic size and restored the endothelium-dependent vasodilation of isolated CA rings. PKG inhibitor Rp-8-Br-cGMP (50 μg/kg, iv) could ameliorate the protective effects of SCU. Increase in phosphorylation of vasodilator-stimulated phosphoprotein (VASP), a main substrate of PKG, at Ser 239 was observed in both heart tissue and serum of SCU-treated animals. In cultured human cardiac microvascular endothelial cells (HCMECs), SCU (1 and 10 μM) dose-dependently protected cell viability and increased the mRNA and protein level of PKG-Iα against HR injury. The activity of PKG was also increased by SCU treatment. The activation of PKG-1α was then studied using targeted proteomic analysis (MRM-MS) checking the phosphorylation state of the autophosphorylation domain (aa42-94). Significant decrease in phosphorylation of PKG-Iα at Ser50, Ser72, Ser89 was induced by HR injury while SCU treatment significantly increased the phosphorylation of PKG-Iα, not only at Ser50, Ser72 and Ser89, but also at Ser44 and Thr58 (two novel phosphorylation domains). Our results demonstrate PKG-Iα might play an important role in the protective effects of SCU on ED against MIR injury.
Introduction
Scutellarin (SCU) is a flavonoid glycoside compound (4', 5, 6-trihydroxy flavonoid-7-glucuronide) isolated from the traditional Chinese medicine plant Erigeron breviscapus (Vant.) Hand. Mazz [1] . Both purified SCU and plant extract mainly containing SCU had been successfully used in China in clinic. Oral or injectable forms of SCU preparations had been developed for the treatment of ischemic cardiovascular diseases [1] [2] . Reported pharmacological activities of SCU include anti-oxidative [3] , anti-inflammatory [4] , vasodilative [5] , anti-apoptosis [6] [7] and angiogenesis activities [8] . Especially, the protective effects of SCU against ischemic injuries such as myocardial ischemia reperfusion (MIR) injury [6, 9] have attracted interests of researchers, though the mechanism of SCU was still not fully clarified.
MIR injury would result in endothelium dysfunction (ED) because endothelium is an early active participant in IR injury, and endothelial cells are particularly susceptible to IR injury [10] [11] [12] [13] [14] . In IR injury, structural and functional abnormality of endothelial cell occurs earlier than that of parenchyma cell, while the functional recovery of endothelial cell occurs at a later stage [15] . Vascular ED is also a major contributor to the development and exacerbation of many cardiovascular diseases [10] . In particular, ED can lead to endothelium dependent vasodilation impairment, proliferation of vascular smooth muscle cell and excessive vasoconstriction [12] . Besides endothelial cell, vascular smooth muscle cell dysfunction also contributes to ED [15] . ED is characterized by impaired endothelium-dependent vasorelaxant response to acetylcholine (ACH) in which cGMP dependent protein kinase (PKG) is involved [16] . Damaged endothelium reduces perfusion to areas of previous ischemia and thus exacerbate organ damage [17] . Therefore, endothelium plays a critical role in determining the organ damage extent resulted from IR and interventions capable of protecting the endothelium from IR would be of great clinical interest.
The eNOS/cGMP/PKG pathway plays a key role in endothelium-dependent relaxation. Endothelial NO generated from L-arginine via the activation of endothelial NO synthase (eNOS) activates guanylate cyclase and produces cGMP, which leads to PKG-mediated vasodilation [18] [19] [20] . In our previous study, SCU was found to induce endothelium-dependent vasodilative effect partially affected by inhibitors of NOS and guanylate cyclase in isolated mouse aorta [21] . In the present study, we focused on investigating whether SCU have direct cytoprotective effects on endothelial cells against IR injury. The effects of SCU on ED of coronary artery (CA) in a rat MIR injury model were checked and the role of PKG in the effects of SCU was studied. In vitro model of cultured human cardiac microvascular endothelial cells (HCMECs) subjected to simulated hypoxia reoxygenation (HR) injury was used. And, phosphorylation of vasodilator-stimulated phosphoprotein (VASP) at Ser 239 was used to monitor PKG activity. After finding PKG-1α as a possible target of SCU, the phosphorylation state of PKG-1α was further studied because phosphorylation played an important role in PKG-I activation [22] [23] [24] [25] . Recent development in multiple-reaction monitoring mass spectrometry (MRM-MS) provides a useful tool for thoroughly measuring the absolute quantity of modification such as phosphorylation within interested proteins [26] . To be noted, PKG was reported to be involved in IR injury though its function had not been fully clarified [27] [28] [29] [30] . Therefore, the phosphorylation states of PKG-Iα under different treatments were analyzed in the present study using MRM-MS, a targeted proteomic analysis method, to clarify the PKG-Iα function in IR injury and the protective mechanism of SCU.
8-Br-cGMPS was purchased from Santa Cruz Biotechnology (Dallas, TX, USA). PKG activator 8-pCPT-cGMP [8-(4-Chlorophenylthio) guanosine 3',5'-cyclic monophosphate sodium salt], triphenyl tetrazolium chloride (TTC) and ACH were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Study design
In order to study cardiovascular endothelium protective mechanism of SCU and the role of PKG, the investigations were carried out in both MIR rats in vivo and in HR cells of HCMECs in vitro. In the animal studies, the protective effect of SCU on MIR injury was tested by evaluating myocardial ischemia area, and then the hypothesis that SCU improves endothelium dependent vasodilation reduced by MIR was proved in the animal model with ED induced by MIR, while PKG inhibitor was used to reveal the influence of PKG. In vivo animal studies, there were four independent experimental design series. 1) To evaluate the effects of SCU on myocardial ischemia area induced by MIR injury, SD rats were divided into four groups: sham, MIR model and two SCU groups (45 or 90 mg/kg, iv). 2) In another experiment, the influence of PKG inhibitor and SCU on myocardial ischemia area was assessed. The rats were divided into four groups: MIR model, SCU (45 mg/kg, iv), PKG inhibitor (50 μg/kg Rp-8-Br-cGMPS, iv), and SCU (45 mg/kg, iv) + PKG inhibitor (50 μg/kg, iv) treated group. 3) In another independent experiment of MIR, endothelial-dependent vasodilation in CA rings was assayed. Rats were divided into five groups: sham, MIR model, SCU groups (45 mg/kg, iv), PKG inhibitor (50 μg/kg Rp-8-BrcGMPS, iv) and SCU (45 mg/kg, iv) + PKG inhibitor (50 μg/kg, iv) treated groups. 4) To evaluate the effects of SCU on PKG-I and p-VASP Ser 239 changes induced by MIR injury, SD rats were divided into five groups: sham, MIR model and two SCU groups (45 or 90 mg/kg, iv), nitroglycerin (NTG, 1.5 mg/kg, iv) group (used as positive control).
In vitro cell studies, HR treatment was used to simulate vivo IR injury. To investigate whether SCU has direct cytoprotective effects and the role of PKG, cell viability and protein, activity and mRNA of PKG were determined. In addition, the phosphorylation site of PKG-1α was further studied using MRM-MS to clarify how SCU affects the phosphorylation of PKG activation. In vitro studies, cells of HCMECs were incubated with SCU (0.1-10 μM) under normal culture and simulated HR conditions. In each assay, three independent experiments (each conducted in triplicate) were used.
MIR model and evaluation of ischemia area
Adult Sprague-Dawley (SD) rats (180-220 g) were provided by the animal center of Kunming Medical University. The rats were housed under controlled temperature (23-25°C) and lighting (8:00-20:00 light, 20:00-8:00 dark) with free access to food and drinking water. The study and the protocol were approved by the Animal Care and Use Committee of Kunming Medical University and conformed to the standards set by the Yunnan Experimental Animal Management Board. The animal procedures were performed conform the NIH guidelines (Guide for the care and use of laboratory animals). For anesthesia, 10% urethane (1mL/100 g with dose of 1g/kg) in saline solution was intraperitoneally injected to the rats. Before initiating surgery, to render the animal areflexic to strong ear-or tail-pinch, if needed, additional doses of 0.4 ml 10% urethane were used. SCU and other treated drug infusion was initiated intravenously 15 min prior to MIR surgery via the tail vein (2 mL/h) until the ending of reperfusion. The sham and MIR groups were given normal saline (NS).
The MIR model was induced according to the previously described procedure with minor modifications [31] . The anesthetized rats were intubated and ventilated using a small-animal ventilator. Each rat was ventilated with room air at a tidal volume of 2 mL per 300 g and a rate of 70 breaths/min. Left thoracotomy was performed at the fourth intercostal space and the heart was exposed. The left anterior descending (LAD) CA was encircled 3-4 mm from its origin with a 5-0 silk suture for subsequent LAD occlusion. The LAD was then ligated for 40 min to induce myocardial ischemia, followed by removal of the ligation to allow subsequent reperfusion for 120 min. Sham-operated rats were subjected to the same surgical procedures, except the suture under the LAD was not tied. Euthanasia was performed by intraperitoneal injection of 100 mg/kg thiopental at the end of the experiment, the hearts were then excised and the atria and right ventricular free wall dissected off the left ventricle.
The hearts were frozen and stored in a −20°C freezer for 5 min, and then sliced into 1-mmthick transverse sections across the long axis. Slices were incubated in 1% TTC in a phosphate buffer (pH 7.4) for 15 min at 37°C. After staining, the slices were immersed in 4% formalin. The tissues that stained brick red were considered viable, whereas pale or white tissues were considered necrotic. The infarct areas were analyzed by Image-Pro Plus 6.0 (IPP) software, and the ischemic area was expressed as a percentage of the area at risk: infarct size = 100×infarct area (white area)/risk area (white area + red area). Infarct size was expressed as the percentage of the total cross-sectional area of the ventricles. In addition, to measure PKG and p-VASP in heart tissue and serum, the infarct section of heart and serum sample were collected and wrapped in foil and stored in liquid nitrogen for Western blotting analysis.
Evaluation of ED in isolated CA rings from MIR rats
The treated rats were sacrificed and the left heart placed in a dissection dish filled with ice-cold An integrated wire myograph system (Model 620M, DMT-Asia Ltd, Shanghai, China) was applied with a Motic SMZ168-TL stereomicroscope to dissect the blood vessels. The CA of LAD was dissected free, adhering connective tissue cleaned off, and cut the segments following the point of occlusion into 1-mm-long ring. The rings were mounted with 60-μm steel wires in separated tissue baths of the wire myograph system for tension recording. The tissue baths were filled with PSS solution (pH 7.4) at 37±1°C and aerated with O 2 ; washout was performed by draining and replacing the bathing solution using a syringe.
Isometric tension signals were recorded and data collected by a Powerlab data acquisition system (AD Instruments Asia, Shanghai, China). Each ring was stretched to an optimal tension of 1 mN and permitted to equilibrate for 90 minutes before the experiment started. Thirty minutes after setting up the wire myograph, each ring was initially contracted by KCl (60 mmol/ L)-PSS and washed and the viability of the rings measured. Rings with twice amplitude of contraction less than 10% were used for the experiment. The rings were contracted by U46619 (1 μmol/L) and relaxed using cumulative addition of ACH (0.001-100 μmol/L) to test the endothelial-dependent vasodilation by calculating EC 50 and E max values.
Cell culture and simulated HR injury
HCMECs were obtained from the Shanghai Yansheng Biochemical Technology Company (Shanghai, China) and grown in 1640 medium supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin antibiotics. Tightly confluent monolayers of HCMECs from 4th-15th passage were used in all experiments. In experiments checking the effects of SCU under normal condition, cells were treated with vehicle control (NS) or SCU at different concentrations or PKG activator (8-pCPT-cGMP, 30μM) for 26 h. In experiments checking the effects of SCU under HR condition, cells were incubated with SCU at different concentrations or PKG activator (8-pCPT-cGMP, 30μM) for 2 h prior to HR injury and during HR injury (24 h). Control cells were cultured in parallel and kept in normal culture condition for the entire time period (26 h). Simulated HR injury was induced according to previously described procedures [29] with minor modifications. Briefly, HCMECs were placed in a humidified hypoxic chamber (HF100, Heal Force Biotech Co, Shanghai, China) for 12 h of hypoxia (5% CO 2 + 2% O 2 + 93% N 2 ) with medium free of glucose and serum at 37°C, followed by 12 h of re-oxygenation (5% CO 2 + 95% air) in complete medium containing glucose and serum. At the end of the experiment, cell viability was examined using MTT assay as described below. Furthermore, cells of each group were also collected for real-time PCR assay, western blotting and ELISA assay as described in following sections. 
MTT and Trypan blue staining assay of cell viability

RNA extraction and real-time PCR analysis
Total RNAs were extracted using the TRIzol 1 reagent (Invitrogen) and reverse transcribed using PrimeScript 1 RT reagent Kit with gDNA Eraser (TaKaRa) according to the manufacturer's instructions. Real-time PCR amplifications was performed using SYBR 1 Premix Ex TaqTM II (TaKaRa) and the thermal profile was 95°C for 2 min followed by 40 cycles at 95°C for 15 sec and 61°C for 20 sec. Each sample was measured in triplicate and the mean threshold cycle (Ct) value was calculated. Relative expression was calculated using the ΔΔCt method. The mRNA expression of GAPDH was used as an internal control. Primer sequences used for PKG-Iα analysis were 5'-GGCTGTCAGAGAAGGAGGAAG-3' and 5'-GGAAGGACCTGT ACGTCTGC-3'. Primer sequences used for GAPDH analysis were 5'-GGAGCGAGATCCCT CCAAAAT-3' and 5'-GGCTGTTGTCATACTTCTCATGG-3'.
Western blotting assay
For rat heart tissue homogenate samples, the preparation comprises following steps: after removal from liquid nitrogen, tissue wrapped in foil were hammered and transferred into a precooled glass homogenizer containing 200 μL precooled RIPA buffer and homogenized for 10 min, transferred to Eppendorf tube, and centrifuged at 18,000 rpm for 10 min at 4°C. The supernatants were collected and stored at −80°C until Western blotting analysis. For cell samples, cells were lyzed in RIPA buffer containing 50 mM Tris HCl (pH 7.4) with 150 mM sodium chloride, 1.0% Nonidet P-40, 1% sodium deoxycholate, 1.0% Triton X-100, 1 mM EDTA, and protease inhibitor cocktail (Roche Diagnostics. Indianapolis,IN,USA). After centrifugation, the supernatant were collected and stored at −80°C until Western blotting analysis.
Protein concentrations were determined using a BCA Protein Assay Kit (Beyotime Biotechnology, Haimen, Jiangsu, China). The protein samples were denatured by mixing with equal volume of 2 × sample loading buffer and then boiling at 100°C for 5 min. An aliquot (20 μg as protein) of the supernatant was loaded onto a 10% SDS gel, separated electrophoretically, and transferred to a polyvinylidene fluoride membranes (Millipore, Billerica, MA, USA). After the membrane was incubated with 10 mM TBS with 20% Tween 20 and 5% dehydrated skim milk to block nonspecific protein binding, the membrane was incubated with primary antibodies overnight at 4°C. The primary antibodies used were rabbit anti-PKG-I polyclonal antibody (C8A4, 1:1000, Cell Signaling Technology, Danvers, MA, USA), rabbit anti-vasodilator-stimulated phosphoprotein (VASP) (1:500. Abcam, Cambridge, MA,USA), rabbit anti-phosphorylated-VASP (p-VASP) (Ser239, 1:500. Santa Cruz Biotechnology, Dallas, TX, USA) and rabbit anti-GAPDH. After TBS washes, blots were then incubated with secondary antibody for 1 h at room temperature at a 1:5000 dilution and then visualized using enhanced chemiluminescence (ECL) kit (GE Healthcare, Buckinghamshire, UK). The secondary antibodies used were horseradish peroxidase (HRP)-coupled anti-rabbit secondary antibody (Santa Cruz Biotechnology).
The density values of bands were quantified by densitometric analysis of scanned images (Scion image 4.03). The relative protein ratio was calculated by determining the integrated intensity of the bands of each treated group as a ratio of the control condition.
ELISA assay of PKG activity in HCMECs
An enzyme-linked immunosorbent assay (ELISA) kit for PKG activity was supplied by CycLex Co., Ltd (Nagano, Japan). The kit is primarily designed to measure the activities of PKG (including PKG-I and-II), and in which the phosphor-specific monoclonal antibody used has been demonstrated to recognize the phosphor-threonine 68/119 residues on substrate of PKG. Collecting HCMECs under normal and HR condition, determined the activities of PKG in the cells following the kit procedures.
Targeted proteomic analysis of phosphorylation state of PKG-I α Cells were divided into four groups including control, HR model, SCU 1 μM, HR+SCU 1 μM group and underwent different treatments as described above. After treatments, cells were washed with ice-cold PBS and then scraped off with a cell scraper. After centrifugation for 5 min at 1500 g, the supernatant was discarded and the cell pellet was resuspended in lysis buffer containing 7 M urea, 2 M thiourea, 2% CHAPS and 1% DTT, 0.8% Pharmalyte, a mixture of Protease inhibitors (all from Bio-Rad) and incubated 30 min on ice. The lysed cells were centrifuged at 15000 g for 30 min at 4°C and the supernatants were collected for analysis. Protein sample (1mg) was reduced by incubating with 50 μl 100 mM DTT in 100mM ammonium bicarbonate for 45 min at 56°C. After cooling to room temperature, alkylation was induced by adding 250 μl 200mM IAA and incubating in darkness for 30 min at room temperature. After alkylation, equal volume of acetone was added to precipitate protein at -20°C for 30 min. After centrifugation at 15000 g at 4°C for 15 min, the supernatant was discarded and the protein pellet was washed twice by 75% alcohol. The protein sample was dried down by evaporation at room temperature in a vacuum concentrator/centrifugal evaporator and then dissolved in 1 ml 50 mM ammonium bicarbonate buffer. Digestion was conducted by adding 20 μg trypsin (1:50 enzyme:protein ratio) at 37°C overnight. After drying by evaporation at room temperature in a vacuum concentrator/centrifugal evaporator, the sample was redissolved with 900 μl 0.1% formic acid and the desalted by the Waters sep-pak Vac C18 Spin Column (Waters Corporation milford, Massachusetts USA). The sample was dried by evaporation at room temperature in a vacuum concentrator/centrifugal evaporator and then stored at -80°C until mass spectrography (MS) analysis.
The nanoHPLC-ESI MS/MS analysis was performed with a 4000 Q TRAP system (AB Sciex, USA) operated in the positive mode using the Nanospray 1 III Source and heated interface. Briefly, each protein sample (5 μl) was eluted onto a C18 reversed phase column (PepMap100 C18, 75 μm x 5μm x 15cm) at a flow rate of 300 nl/min. Peptides were separated using a 60 min gradient ranging from 5% to 50% mobile phase B (mobile phase A: 2% acetonitrile, 0.1% formic acid; mobile phase B: 98% acetonitrile, 0.1% formic acid). By using the MRM Pilot software (AB Sciex, USA) to predict the mass signals which might be produced by the hydrolysates, a MRM initiated detection and sequencing scan (MIDAS) method was developed for detection of PKG-I α phosphopeptides in sequence of aa42-94. The MS analysis was performed on the 4000 Q TRAP system in information dependent acquisition (IDA) mode and the setting parameters were: ion spray voltage: 2300 V; curtain gas: 20; ion source gas: 15; and heated interface: 150°C. Protein samples from three independent experiments were analyzed. And, for each experiment of protein samples, triplicate technological repeat were performed to ensure reproducibility. The detected amounts of PKG I α phosphopeptides (peak areas) were further normalized using internal standard. The two un-phosphorylated peptides of PKG I alpha used as internal standards were ILMLKEER (516.3/2+) and EEEIQELKR (587.3/2+), aa10-17 and aa29-37, respectively. Briefly, the raw peaks were processed, and extracted ion chromatograms (XIC) were generated from the full-scan MS using MultiQuant 2.0.2 (AB Sciex, USA). Peak areas of PKG Iα phosphopeptides were normalized by peak areas of tryptic digested peptides of internal standards. The normalized phosphorylation rates were calculated as ratio of peak area of PKG I alpha phosphopeptides to peak area of the average of two un-phosphorylated peptides of PKG I alpha.
Statistical analysis
Values were expressed as mean ± SEM. Statistical analysis was performed using statistical software Sigma Stat 3.1. Nonlinear regression analysis for individual concentration-response curves was performed using a Hill algorithm in Sigma Plot 10.0, allowing for an individual geometric ''EC 50 " value to be calculated. The E max value represents the maximal vasodilative response (the minimal relative stress of pre-contraction). Comparisons were made using one-way ANOVA, two-way ANOVA analysis or unpaired t-test. P< 0.05 was considered statistically significant.
Results
Protective effects of SCU in rat MIR injury model and influence of PKG inhibitor on the effects of SCU
To evaluate the effects of SCU on MIR injury and the role of PKG, myocardial ischemia area and endothelial-dependent vasodilation (as an ED index) were assessed. As shown in Fig 1A and 1B, SCU treatment (45 and 90 mg/kg, iv) could dose-dependently exhibit cardioprotective effects against MIR injury in rats. The ischemia areas in SCU treated groups were significantly lower than that of the MIR model group. To check whether PKG pathway played role in SCU (45mg/kg, iv) protective effects, the influence of co-treatment of PKG inhibitor with SCU was observed. As shown in Fig 1C and 1D , PKG inhibitor Rp-8-Br-cGMP (50 μg/kg, iv) alone had no significant influence on the ischemic area, but co-treatment of PKG inhibitor with SCU inhibited the cardioprotective effects of SCU.
Results of assay of endothelial-dependent vasodilation in CA (Fig 1E and Table 1 ) indicated that endothelial function was inhibited in MIR model group. CA from MIR group could not exhibit normal response of relaxation under ACH induction. The fact that CA from SCU treated groups exhibited a response to ACH induction similar to that of sham group indicated that SCU treatment protected endothelium function from MIR injury. Treatment of PKG inhibitor alone did not improve the response of CA to ACH compared to the MIR group ( Fig  1E and Table 1 ). While PKG inhibitor was co-administered with SCU, it significantly rightshifted the ACH dilation curves compared to SCU alone, blocked SCU-induced improvement in ACH-dilation, and increased the EC 50 of ACH ( Table 1) .
Effects of SCU on p-VASP Ser239 and PKG-I protein level in MIR rats
In order to observe the effects of SCU on PKG expression and activity, PKG-I and it's phosphorylated product p-VASP Ser239 were determined by western blot method. As shown in Fig 2A  and 2B , MIR significantly reduced p-VASP Ser239 level in rat heart tissue and serum compared with sham rats. SCU treatment (45 and 90 mg/kg, iv) and positive control NTG (1.5mg/kg, iv) could increase p-VASP Ser239 level in rat heart tissue and serum compared with MIR model. As p-VASP Ser239 is an indicator of PKG activation, the results suggested that activation of PKG was involved in the protective effects of SCU against MIR injury. As shown in Fig 2C, MIR slightly reduced PKG-I protein level in rat heart tissue but without significance when compared with sham rats. SCU treatment (45 and 90 mg/kg, iv) and positive control NTG (1.5mg/kg, iv) increased PKG-I level in rat heart tissue without significance compared with MIR model.
Protective effects of SCU on cell viability in HCMECs against simulated HR injury
In our preliminary experiments we checked the influence of SCU on cell viability of HCMECs under normal condition, SCU dose <100 μM did not cause significant changes in cell viability while SCU dose >100 μM exhibited cytotoxicity (data not shown). Therefore, SCU at doses of 1 and 10 μM was used in the present study. As shown in Fig 3A, results of MTT assay indicated that SCU (1 and 10 μM) raised cell viability under normal culture condition. Simulated HR injury caused decrease in cell viability of HCMECs, and SCU could partly protect cells from HR-induced injury (Fig 3B) . Trypan blue staining proved that SCU (10 μM) significantly increased cell viability under normal (Fig 3C) and HR culture condition (Fig 3D) .
Effects of SCU on mRNA expression of PKG-Iα in HCMECs
As shown in 
Effects of SCU on PKG protein expression and activity in HCMECs
Since there is no specific antibody for PKG-Iα or PKG-Iβ, Western blotting assay was conducted using antibody against PKG-I. As shown in Fig 5, in normal cultured HCMECs, antibody-against PKG-I identified two protein bands in Western blotting assay. The band with higher molecular weight might be PKG-Iβ (MW 78 kDa) while the band with lower molecular weight might be PKG-Iα (MW 76 kDa). SCU (0.1, 1 and 10 μM) treatment increased the protein level of PKG-Iα (Fig 5A) . Furthermore, SCU treatment increased the phosphorylation of VASP at Ser239, which indicated the activity of PKG. Both the levels of p-VASP Ser239 and ratio of p-VASP Ser239 to total VASP in normal cultured HCMECs were increased under SCU treatment (Fig 5B) . The effects of SCU on protein expression of PKG-I and phosphorylation of VASP under HR injury were shown in Fig 6. As shown in Fig 6A, SCU treatment still increased the protein levels of PKG-Iα under HR injury. And HR injury significantly decreased phosphorylation of VASP at Ser239 which reflected PKG enzyme activity, while SCU could keep the phosphorylation level of VASP against HR injury (Fig 6B) .
In addition, ELISA assay proved that SCU (1 and 10 μM) incubations significantly raised PKG activity in normal cultured HCMECs while PKG activator (8-pCPT-cGMP, 30 μM) used as positive control also increased PKG activity (Fig 7A) . HR treatment significantly decreased PKG activity, and SCU incubations increased PKG activity against HR injury in HCMECs ( Fig  7B) .
Phosphorylation states of PKG-Iα in HCMECs under different treatments
To clarify the role of PKG-Iα in IR injury and the protective mechanism of SCU, the phosphorylation states of PKG-Iα under normal and HR treatments were analyzed using MRM-MS (a targeted proteomic analysis method). PKG-Iα phosphopeptides with phosphorylation at Ser44, Ser50, Thr58, Ser64, Thr69, Ser72, Ser89 were detected. The PKG-Iα phosphopeptides were listed in S1 Table and the CID-MS/MS product ion spectrums of the phosphopeptides, which Effect of SCU on PKG-I and p-VASP Ser239 in MIR rats. Representative immunoblot and quantification of p-VASP Ser239 protein level in heart tissue homogenate (A) and serum (B) from MIR (ischemia 40/reperfusion 120 minutes) rats. (C) Representative immunoblot and quantification of PKG-I protein in heart tissue homogenate from MIR rats. n = 10 rats in each group, nitroglycerin (NTG) was applied as positive control. The protein ratio was calculated by determining the band-integrated intensity that was normalized by that of GAPDH as a ratio of sham control except that serum p-VASP was only normalized to sham control as GAPDH could not be detected in serum. Data are means±SEM. One-way ANOVA followed by SNK test vs. Model, *P<0.05 compared to model group. doi:10.1371/journal.pone.0139570.g002 indicated the phosphorylation sites, were shown in S1 Fig Furthermore, the normalized peak areas of PKG-Iα phosphopeptides were shown in Table 2 . As shown in Table 2 , HR injury caused decrease in phosphorylation of PKG-Iα and the decrease was significant for phosphorylation at Ser50, Ser72, and Ser89. SCU (5 μM) treatment under HR condition could ameliorate the decrease in phosphorylation of PKG-Iα induced by HR injury. The phosphorylation of PKG-Iα at Ser44, Ser50, Thr58, Ser72 and Ser89 in HR+SCU group was significantly higher than that of HR group. The results suggested that HR injury inhibited the activation of PKG-Iα while SCU kept the activation state of PKG-Iα. In addition, two novel phosphorylation domains of PKG-Iα at Ser44 and Thr58 were found in our investigation and they had never been reported by any paper before.
Discussion
The present study demonstrated that SCU, a flavonoid glycoside successfully used in clinic in China for treatment of ischemic diseases, could protect endothelium function against MIR injury in vivo. In rats, MIR injury caused impairment in endothelium-dependent vasodilation, as assessed by ACH-induced dilation in isolated CA. A significant blunting of endotheliummediated dilation was observed in MIR model group. The results were consistent to other reports supporting that IR injures endothelium and causes vascular ED [32] [33] . SCU treatment not only decreased the myocardial infarct size caused by MIR, but also significantly augmented the endothelium-dependent relaxation in isolated coronary after MIR injury. The were received HR injury (hypoxia 12/reoxygenation 12 hours) except control group cells and incubated with SCU for 2 h prior to HR injury and following 24 h HR injury. One-way ANOVA followed by SNK test, *P<0.05, **P<0.01 compared to HR group. Data are means±SEM, n = 3 independent experiments with independent culture. doi:10.1371/journal.pone.0139570.g003 Scutellarin's Cardiovascular Protective Mechanism: Role of PKG-Iα results that the protective effects of SCU could be ameliorated by PKG inhibitor Rp-8-BrcGMP suggested the involvement of PKG pathway in the effects of SCU. Results of checking the phosphorylation of VASP at Ser239 suggested that SCU treatment induced increase in the level of p-VASP Ser239. Though VASP could be phosphorylated by both PKG and cAMP dependent protein kinase (PKA), phosphorylation at different sites such as phosphorylated-VASP at serine 239 (p-VASP Ser 239) and serine 157 (p-VASP Ser 157) were generated by PKG and PKA, respectively [34] [35] . Therefore, level of p-VASP Ser239 could be used as an indicator of PKG activation. Activation of PKG might play an important role in SCU cardioprotective effects. Interestingly, a study using baicalin (an analog compound of SCU) also showed that the pharmacological effects of baicalin were related to PKG signal [36] .
It is possible that the vasodilative effects of SCU, which had been shown in our previous study [21] , might be involved in the protective effects of SCU against IR injury. While, in the present investigation, we focused on studying the possible direct cytoprotective effects of SCU on endothelial cells. In our experiments using cultured HCMECs, SCU protected cells against simulated HR injury. And, SCU induced both expression and activation of PKG-Iα in endothelial cells. ELISA assay of PKG activity proved that HR decreased PKG activity while SCU increased it. PKG is a small family of eukaryotic serine/threonine kinases involved in the regulation of diverse physiological functions. Notably, PKG and its activator, cGMP, are well recognized modulators of cardiac function and stress response and it could serve as a myocardial brake to improve cell survival, protect against IR injury, etc [37] [38] [39] [40] . Mammals possess two PKG genes, PKG-I and PKG-II, which encode for PKG-I protein (exits as a soluble homodimer) and PKG-II protein (exists as a monomer associated with membrane), respectively. And, alternate splicing of the same gene PKG-I generates two isoforms, PKG-Iα and PKG-Iβ [41] . The difference of PKG-I α and PKG-I β reside only in the N-terminal dimerization domain (about aa1-100) of the protein [42] . The role of PKG, especially PKG-Iα, in cell proliferation and cell survival was gradually recognized. Beside of acting as a key mediator of vasodilation, PKG-Iα plays an important role in preventing spontaneous apoptosis and promoting cell proliferation in both normal cells and certain cancer cells [43] [44] [45] [46] [47] [48] . Basal or moderately elevated PKG-Iα activity could exhibit cytoprotective effects in many types of mammalian cells, including neural cells [46] , human ovarian cancer cells [45, 49] , primary murine vascular smooth muscle cells [50] , and murine bone marrow stromal cells [44] . Small interfering RNA gene knockdown of PKG-Iα increased apoptosis and decreased proliferation in bone marrow stromal cells [44] . Therefore, the increased expression and activation of PKG-Iα induced by SCU treatment Representative immunoblot and quantification of p-VASP Ser239 and total VASP protein expression in HCMECs. Cells were received HR injury (hypoxia 12/reoxygenation 12 hours) except control group and incubated with SCU (0.1, 1 and 10 μM) for 2 h prior to HR injury and following 24 h HR injury. The protein ratio was calculated by determining the band-integrated intensity that was normalized by that of GAPDH as a ratio of control. Data are means±SEM, n = 3 independent experiments with independent culture. One-way ANOVA followed by Fisher LSD test was used. *P<0.05, **P<0.01 and ***P<0.001 compared to HR group. doi:10.1371/journal.pone.0139570.g006 might contribute to the protective effects of SCU against IR injury. As a well-known direct scavenger of hydroxyl radicals, super oxide anion radicals and hydrogen peroxide [51] [52] [53] , SCU might induce the transcription of PKG-Iα by decreasing the cellular level of reactive oxygen species. While, further studies clarifying the mechanism of the inducing effect of SCU on expression of PKG-Iα are necessary. Since activation of PKG-Iα was based on its phosphorylation at specific sites, we studied the phosphorylation states of PKG-Iα of HCMECs under normal condition, HR injury, SCU treatment, HR + SCU treatment using a targeted proteomic technique. Beginning at the N terminus, PKG-I consists of the following functional domains in order of sequence: (aa1-116), the N-terminal dimerization/autoinhibitory domain; (aa117-234), the high-affinity cGMP binding domain; (aa235-355), the low-affinity cGMP binding domain; (aa356-491), the Mg 2+ /ATP binding site; (492-616), a target protein interaction domain; and (617-686), and C-terminal residues of unknown function [54] . The autoinhibitory domain plays a critical role in the activation of PKG because activation of PKG could be achieved by autophosphoryaltion in the autoinhibitory domain [54] . And, the difference between PKG-Iα and PKG-Iβ resides in the sequence at about aa1-100. Therefore, the phosphorylation state of the autophosphorylation domain (aa42-94) in PKG-Iα was thoroughly checked in the present study. The autophosphorylation sites of PKG-Iα had been studied before [54] [55] but had not been fully clarified. In the present study, besides of reported phosphorylation sites of PKG-Iα such as Ser50, Ser72 and Ser89 [55] , phosphorylation of PKG-Iα at Ser44 and Thr58 which had not been reported before were also detected. The detection of the new phosphorylation sites of PKG-Iα would be helpful to increase our knowledge about PKG-Iα and contribute to clarifying the function of PKG-Iα. Our targeted proteomic analysis also showed that, phosphorylation of PKG-Iα was inhibited by HR injury while SCU treatment could restore the phosphorylation of PKG-Iα. Significant decreases in phosphorylation of PKG-Iα at Ser50, Ser72 and Ser89 were found in HR injury group compared with control. SCU treatment under normal condition exhibited no significant influence on phosphorylation of PKG-Iα while SCU treatment under HR condition significantly increased the phosphorylation of PKG-Iα at Ser44, Thr58, Ser50, Ser72 and Ser89. Especially, the phosphorylation of PKG-Iα at Ser44 and Thr58, phosphorylation sites which had not been reported before, deserved further study. After activation, PKG-Iα could phosphorylate its downstream target proteins. Reported downstream targets of PKG-Iα in promoting cell survival and proliferation included VASP [44] [45] 50] , BAD [46] , c-Src [45, 48] , etc. VASP is a cytoskeletal protein which has diverse effects on cell motility, migration, and adhesion. Recent reports suggested the role of VASP in cell proliferation and cell survival. Phosphorylation of VASP could dampen MIR injury [56] as well as hepatic IR injury [57] . In the present study, the level of phosphorylated VASP (p-VASP) at Ser239 was also found to be increased in cells treated with SCU. The SCU-induced phosphorylation of VASP might play roles in the protective effects of SCU against MIR injury.
Actually, as animals' individual differences and experimenters' operation differences existing, there are some unavoidable reproducibility problems in the animal studies. In our MIR model surgery, different person usually produces model animal with different ischemia area, but for a well-trained experimenter, the differences caused can be kept minor. In order to avoid this difference as possible as we can, we just maintained the well-skilled operator to do the surgery, and tried to keep the same person to do the same experiment, so that we can keep smaller SEM in the same operation.
In summary, the present study demonstrates the protective effects of SCU on ED against MIR injury. The involvement of PKG pathway, especially the expression and phosphoryaltion of PKG-Iα, in the effects of SCU was observed. Result of the present study will shed new light on the mechanism study of SCU, a compound successfully used in clinic for ischemic diseases, also suggested the important role of PKG-Iα in IR-related signal cascades.
Supporting Information the phosphorylation site might be on the S44,S50,T51,T57 or T58 while a loss of −98 Da at b3 confirmed the phosphorylation site to be S44. (B) CQSVLPVPS[Pho]THIGPRTTR, the CID-MS/MS product ion spectrum consisted of both b-and y-type ions, of which the fragment ions suggested that the phosphorylation site might be on the S44,S50,T51,T57 or T58 while a loss of −98 Da at b9 and y10 confirmed the phosphorylation site to be S50. (C) CQS[Pho] VLPVPS[Pho]THIGPRTTR, the CID-MS/MS product ion spectrum consisted of both b-and y-type ions, of which the fragment ions suggested that the phosphorylation site might be on the S44 and S50, while a loss of −98 Da at b3 and y10 confirmed the phosphorylation site to be S44 and S50. (D) CQSVLPVPSTHIGPRTT[Pho]R, the CID-MS/MS product ion spectrum consisted of both b-and y-type ions, of which the fragment ions suggested that the phosphorylation site might be on the S44,S50,T51,T57 or T58 while a loss of −98 Da at y2 confirmed the phosphorylation site to be T58. (E) AQGIS[Pho]AEPQTYR, fragment ions b5-b12 suggested that the phosphorylation site might be on the S64,T69 or Y70, while a loss of −98 Da at b5 confirmed the phosphorylation site to be S64. (F) AQGIS[Pho]AEPQT[Pho]YR, the CID-MS/MS product ion spectrum consisted of both b-and y-type ions, of which the fragment ions suggested that the phosphorylation site might be on the S64,T69 or Y70, while a loss of −98 Da at y3 and b5 confirmed the phosphorylation site to be S64,T69. (G) S[Pho]FHDLR, fragment ions b1-b4 or y1-y4 suggested that the phosphorylation site might be on the S72, while a neutral loss of −98 Da at b2 confirmed the phosphorylation site to be S89,the b-and y-type ions which were detected in the CID-MS/MS product ion spectrum were highlighted in red. (H) S[Pho] KDLIK, fragment ions b1-b5 or y6 suggested that the phosphorylation site might be on the S89, while a neutral loss of −98 Da at b5 confirmed the phosphorylation site to be S89, the band y-type ions which were detected in the CID-MS/MS product ion spectrum were highlighted in red. (TIF) S1 Table. The phosphopeptides of PKG-I α detected in the MS analysis (DOC)
